In order to avoid fluorine loss and contamination, and recover the fluorine resource in bastnaesite, a new process of decomposing bastnaesite with aluminum hydroxide followed by sulfuric acid leaching was proposed. The calcination mechanism was discussed by TG-DSC and XRD analyses. Fluorine could be taken up by Al 2 O 3 , and the discharge of fluorine was prevented. Leaching from calcined ore was achieved with dilute sulfuric acid, and the parameters affecting the leaching rates of fluorine and rare earths (REs) were investigated. It shows that the leaching rates of F, Ce and total RE of 92.71%, 98.92% and 98.61% could be obtained under the conditions of n(Al)/n(F) 1/2, calcination temperature 500 C, calcination time 1 h, sulfuric acid concentration 3 mol L
Introduction
Bastnaesite constitutes one of the principal rare earth minerals of light rare earths in China with the chemical formula RECO 3 F or RE 2 (CO 3 ) 3 $REF 3 (RE ¼ rare earth), which theoretically contains 50% cerium, 0.2-0.3% thorium and 8-10% uorine, etc. [1] [2] [3] It is mainly distributed in Baiyunebo of Inner Mongolia, Mianning of Sichuan Province and Weishan of Shandong Province. 4 A series of efficient hydrometallurgical technologies have been developed to process bastnaesite. At present, the main methods for processing bastnaesite in industry include a concentrated hydrochloric acid leaching-alkali conversion method, oxidation calcination-acid leaching method, etc. The concentrated hydrochloric acid leaching-alkali conversion method is used to produce CeO 2 and less-Ce mixed RE chloride. This method is unfriendly to the environment due to the volatilization of concentrated hydrochloric acid solution and the discharge of uorine and the radioactive element thorium. The oxidation calcination-hydrochloric acid leaching method is commonly used for the smelting of bastnaesite by rare earth enterprises. 5 During the calcination process, bastnaesite can be broken down into rare earth oxides and rare earth oxyuorides, and the Ce 3+ is mostly oxidized to Ce 4+ . The Ce 4+ can be separated from the other RE 3+ when hydrochloric acid is used to leach calcined ore. The leaching residue rich in Ce 4+ can be collected and used to produce high-purity cerium products. However, this method has many shortcomings such as discharge of uorine-containing wastewater, low rare earth recovery, serious environmental pollution and long process ow. 6 The oxidation calcination-sulfuric acid leaching-solvent extraction process can recover most of the rare earths and bearing valuable elements, and has rapid dissolution speed and high leaching rate, making it a more advanced technology for smelting of bastnaesite. [7] [8] [9] However, some issues still remain resulting from the existence of 8-10% uorine. Some of uorine escapes as hydrogen uoride gas from the decomposition of bastnaesite in the oxidation calcination process as well as in the leaching process, and also part of uorine is le in the residue as insoluble uorides in the sulfuric acid leaching process. 4, 10 In recent years, annual treated quantity of bastnaesite was about 22 500 tons, thus, a great quantity of uorine was produced and discharged into the environment, which will lead to serious pollution of surface and ground water.
11 Fluoride has been listed as one of the contaminants in water by the World Health Organization (WHO), which will cause many problems in human health. Therefore, uorine contamination is considered as a serious pollution worldwide.
12 Fluorine is also an important strategic resource, thus, the discharge of such waste is a waste of uorine resource. Aer leached by sulfuric acid, uoride mainly exists as [CeF 2 ] 2+ in leaching solution, which makes it difficult to separate F À and Ce
4+
, leading to the formation of the third phase in the extraction of rare earths. [13] [14] [15] Considering the problems caused by uorine, some new deuorination smelting technologies of bastnaesite have been explored, such as NH 4 Cl roasting method, 16 Na 2 CO 3 roasting method 17 and CaO roasting method. 4 However, these methods have their own shortcomings, such as multiple washing and solid-liquid separation steps, production of large amount of uoride-containing wastewater and residue which are difficult to treatment, large energy consuming and high investment; therefore, they are rarely applied in industrial production. Wang et al. 18 invented a new method to recover uorine. . Our lab has conducted the exploration of using boron salts and aluminum salts as deuoridation reagent in uoride-bearing rare earths sulfate solution. 19 To solve the problems of uorine loss and contamination, and recover the uorine resource in bastnaesite, a new process of decomposing bastnaesite with aluminum hydroxide was proposed in this study. The discharge of uorine can be prevented by converting the uorine into aluminum uoride. Leaching for calcined ore was performed with dilute sulfuric acid. Then, the rare earths in the leaching solution were extracted by di-(2-ethylhexyl) phosphoric acid (HDEHP), and the raffinate containing aluminum uoride was used to recover uorine as cryolite (Na 3 AlF 6 ). The cryolite is an essential chemical material and is widely used in industry, particularly in the Hall-Héroult process (a process for aluminum production). 20 This paper aims to avoid the uorine pollution through reducing the discharge of waste containing uorine, recover the uorine resource in bastnaesite and eliminate the negative inuence of uorine on the extraction of rare earths.
Experimental

Materials and apparatus
All reagents and organic solvents used were of analytical grade. Aluminum hydroxide, sodium uoride, sodium hydroxide etc. were supplied by Guoyao Group Chemical Reagent Shenyang Co., Ltd. The sulfuric acid (98%) was supplied by Shenyang Laibo Kemao Co., Ltd. HDEHP and kerosene were supplied by Shanghai Rare-earth Chemical Co., Ltd. and used without further purication. The bastnaesite samples used were obtained from Mianning mine of Sichuan Province in China. The chemical compositions are given in Tables 1 and 2. WLS-5 rapid intelligent muffle furnace (Hebi Tianhong Instrument Co., Ltd.) was utilized to conduct calcination experiments. ZXS100e X-ray uorescence spectrometer (XRF) (Rigaku) was utilized to detect the compositions of samples. PW3040/60 X-ray diffraction (XRD) instrument (Panalytical) was utilized to determine the phase composition of samples in the 2q of with Cu Ka radiation, at a scan speed of 4 min À1 and a step size of 0.02 . SDT 2960 thermal analyzer (TA instruments) was utilized to measure the differential heat ow (DSC) and mass loss (TG) of bastnaesite samples in the temperature range from room temperature to 1000 C with a heating speed of 10 C min À1 under air atmosphere. S-3400N
scanning electron microscope (SEM) (Hitachi) was utilized to detect the surface morphology of the product. PXSJ-216 ion meter connected with a uoride ion selective electrode and saturated calomel electrode (Shanghai Precision & Scientic Instrument Co., Ltd.) was utilized to detect the concentration of uoride.
Experimental processes
Firstly, 10 g of bastnaesite concentrate was mixed with a certain amount of aluminum hydroxide homogeneously in a porcelain boat, and then the mixed minerals were put into a muffle furnace and calcined for a predetermined temperature and time. Secondly, the calcined ore was leached by sulfuric acid at the liquid-solid mass ratio of 10 with stirring and heating for a certain period of time. Aer ltered, the leaching liquid and residue were obtained. The leaching residue was washed several times with deionized water, and dried in an oven at 100 C, then ground for detection. Thirdly, the HDEHP diluted with kerosene to the required concentration was used as extractant. The extraction of rare earths was performed by mixing equal volumes of leaching liquid and extractant in a separating funnel for 20 min by a mechanical stirrer. Aer two-phase separation, the raffinate was analyzed. Finally, the raffinate containing aluminum uoride complexes was used to recover uorine by producing cryolite. The sodium uoride was added to adjust the F/Al and Na/Al molar ratios, and the sodium hydroxide or ammonia was used to adjust the pH. Aer precipitation, the cryolite product was ltered and washed several times with deionized water, then dried for 3 h at 100 C. The supernatant solution was analyzed.
Analyses
The contents of related elements in the bastnaesite or leaching residue samples were analyzed by XRF method. The concentration of Ce 4+ was determined by titration with standard (NH 4 ) 2 Fe(SO 4 ) 2 solution using sodium diphenylamine sulfonate as indicator. The concentration of RE 3+ was determined by titration with standard EDTA solution using xylenol orange as indicator. The concentration of Al 3+ was determined by EDTA reverse titration with standard zinc solution using xylenol orange as indicator. The concentration of F À was determined by uoride ion selective electrode, and the ionic strength and the pH were maintained with total ionic strength adjusting buffer (TISAB). The leaching rates of F, Ce and total RE were calculated as following formula:
where h i is the leaching rates of F, Ce and total RE, %; C i is the concentration of various elements in the leaching solution, g L
À1
; V is the volume of the leaching solution, L; m is the mass of bastnaesite concentrate, g; w i is the content of various elements in bastnaesite concentrate, %.
Results and discussion
TG-DSC and XRD analyses of bastnaesite
In order to study the decomposition process of bastnaesite concentrate calcined with aluminum hydroxide and the decomposition temperature range, the TG-DSC analysis was carried out, and the results are shown in Fig. 1 . As shown in Fig. 1(a) , the endothermic peak appeared in the range of 420-
510
C could be attributed to the decomposition of bastnaesite, and the mass loss was due to the release of CO 2 . There were two endothermic peaks on the TG-DSC curves of mixed ores added with aluminum hydroxide in the temperature ranges of 225-300 C and 420-520 C, respectively. The endothermic peak around 225-300 C could be attributed to the dehydration of aluminum hydroxide, and the endothermic peak around 420-520 C was for the decomposition of bastnaesite.
In order to study the decomposition reactions in calcination process, calcined ore obtained was analyzed by XRD, and the patterns are presented in Fig. 2 . As shown in Fig. 2 , the main phase in the bastnaesite concentrate was RECO 3 F and CaF 2 . Aer calcined in the air, the peaks of RECO 3 F mostly disappeared, indicating that the bastnaesite decomposed completely. The calcined ore without aluminum hydroxide mainly contained REOF, CeO 1.66 3 , and thus reduce the discharge of uorine-containing waste. The most possible reactions during the process can be provided as follows: 
Effect of n(Al)/n(F).
The effect of n(Al)/n(F) on the leaching rates of uorine and REs is shown in Fig. 4 . It can be seen that the leaching rates of F, Ce and total RE were around 65.32%, 90.34% and 90.57% of calcined bastnaesite without additive. When the n(Al)/n(F) was 1/6, the leaching rates of F, Ce and total RE signicantly increased to 87.04%, 98.65% and 97.42%. This is because that the deuorination reaction of REOF will accelerate the decomposition of REFCO 3 . Further increase in n(Al)/n(F), the changes of leaching rates of Ce and total RE were not obvious but the leaching rate of F continued to increase. The leaching rate of F reached 93% at the n(Al)/n(F) of 1/2. Therefore, the additive amount of Al(OH) 3 is selected as n(Al)/n(F) of 1/2.
Effect of calcination temperature. The bastnaesite decomposes in the range of 425-560
C. 27 It is necessary to control the appropriate reaction temperature. The effect of calcination temperature was examined as shown in Fig. 5 . It is found that the leaching rates increased fast in the range of 400-500 C. Continue raising the temperature, the leaching rates of Ce and total RE had a little decrease when the temperature higher than 600 C. This is because that when the calcination temperature lower than 500 C, the bastnaesite decomposes incompletely, resulting in the low leaching rates of uorine and REs; when the calcination temperature higher than 600 C, the rare earth oxides have crystal transformation phenomenon which will decrease the activity of bastnaesite, 28 leading to the lower leaching rate of REs. According to the results, the appropriate reaction temperature is 500-600 C. Taking into account the energy efficiency, a calcination temperature of 500 C is selected.
Effect of calcination time.
The effect of calcination time on the leaching rates of uorine and REs is shown in Fig. 6 . The results show that the leaching rates of uorine and REs remarkably increased with the increase of calcination time and reached the maximum values at 1 h, at which the leaching rates of F, Ce and total RE were 92.71%, 98.92% and 98.61%. However, the leaching rates had a little decline when the calcination time was longer than 2 h, which may be due to the generation of more insoluble uosilicate. 29 Therefore, a calcination time of 1 h can be selected.
3.2.5 Effect of sulfuric acid concentration. The effect of sulfuric acid concentration on the leaching rates of uorine and REs is shown in Fig. 7 . It is seen from Fig. 7 that both the leaching rates of F, Ce and total RE increased with the increase in sulfuric acid concentration, and had no benecial effect with acid concentration higher than 3 mol L À1 . Excessively low acidity in the leaching solution can not react with calcined ore thoroughly, leading to the low leaching rates of uorine and REs. However, excessively high acidity in the leaching solution is unfavorable for the subsequent extraction process. 1 Therefore, a concentration of 3 mol L À1 is selected as the optimum acidity of leaching solution.
3.2.6 Effect of leaching temperature. The effect of leaching temperature on the leaching rates of uorine and REs is shown in Fig. 8 . The results showed that the higher the temperature was, the higher the leaching rates of F, Ce and total RE were. The leaching rate of F was promoted from 78.58% to 92.00% with the temperature increased from 60 C to 90 C while the leaching rates of Ce and total RE only increased quickly with the temperature higher than 75 C, and both had no obvious rising when the leaching temperature was over 90 C. Therefore, a leaching temperature of 90 C is chosen as the optimal temperature for the leaching experiments. 3.2.7 Effect of leaching time. The effect of leaching time on the leaching rates of uorine and REs is shown in Fig. 9 . It is found from Fig. 9 that the leaching rates of Ce and total RE were nearly 98% at 0.5 h and had no obvious increase with the prolonging of leaching time. However, the leaching rate of F increased signicantly with the reaction. The difference in the leaching speed of uorine and REs proves that the uorine is not leached out entirely with rare earths. The leaching rate of F could be above 90% aer leaching for 1 h.
Separation of uorine and REs
The obtained sulfuric acid leaching solution contained 0.58 mol 
was used to produce cryolite so as to recover the uorine resource in bastnaesite. It is known that the ratio of F/Al in aluminum uoride complex [AlF n ] (3Àn) greatly depends on the contents of uoride and aluminum. In order to recover the uoride and aluminum in the raffinate as much as possible, the sodium uoride was added to adjust the F/Al and Na/Al molar ratios, and the sodium hydroxide or ammonia was added to adjust the pH to around 4.5-5.0. The reaction temperature was controlled within 80-90 C. The solubility of Na 3 AlF 6 is 4 Â Fig. 11 SEM photograph of the prepared cryolite. Fig. 10 XRD pattern of the prepared cryolite. À10 , 30 making it easy to precipitate from solution. Fig. 10 shows the XRD pattern of the product. The characteristic peaks of Na 3 AlF 6 were observed and the prepared product was found to be monoclinic phase cryolite. Fig. 11 gives the SEM image of the product. It is found that the obtained cryolite consisted of even and uniform granules with an average diameter of 1-2 mm. The results in Table 6 showed that the high recovery rates of uoride and aluminum greater than 96% could be obtained, indicating that the preparation of cryolite is an effective method to recover uorine resource in bastnaesite. 
Conclusions
In order to solve the problems of uorine loss and contamination, and recover the uorine resource in bastnaesite, a new clean process of decomposing bastnaesite with aluminum hydroxide followed by sulfuric acid leaching was proposed. In the oxidation calcination process, uorine could be taken up by Al 2 O 3 , preventing the discharge of uorine. Aer calcination, leaching for calcined ore was performed with dilute sulfuric acid. Aluminum could promote the dissolution of CaF 2 and REF 3 in bastnaesite. The optimum conditions were determined as n(Al)/n(F) 1/2, calcination temperature 500 C, calcination time 1 h, sulfuric acid concentration 3 mol L À1 , leaching temperature 90 C and leaching time 1 h, at which the leaching rates of F, Ce and total RE reached 92.71%, 98.92% and 98.61%. Fluorine could be separated from REs aer extraction process, and was recovered as Na 3 AlF 6 with the recovery rates of uoride and aluminum greater than 96%. This technology has an important practical signicance to further develop rare earth metallurgical industry and protect environment.
